'Tachisuzuka' is a new rice (Oryza sativa L.) cultivar for whole-crop silage (WCS) use. Agronomic characters were recorded from 2007 to 2009. The culm length of Tachisuzuka was 11 cm longer than that of Kusanohoshi. The short panicle of Tachisuzuka was morphologically similar to that of the short panicle 1 (sp1) mutant. Tachisuzuka exhibited high lodging resistance in the yellow ripening stage, the optimal period for harvesting, and a month after yellow ripening. The straw yield of Tachisuzuka was remarkably higher than that of Kusanohoshi but its grain yield was lower. A portion of grains are undigested and excreted in feces by cattle fed with rice WCS, and this loss of nutrients should not be disregarded. The low grain/straw ratio of Tachisuzuka indicates that the loss of nutrients in cattle fed with Tachisuzuka WCS should be lower than with Kusanohoshi WCS. Low sugar content of rice plants is considered a cause of silage deterioration. The sugar content of Tachisuzuka was markedly higher than that of Kusanohoshi.
Background to breeding objectives
The self-sufficiency ratio of livestock feed is only 25% of the total domestic demand on a total digestive nutrition (TDN) basis in Japan. The Japanese government has determined that the percentage should be raised. More than 140,000 ha of paddy fields are unplanted because of overproduction of rice (Oryza sativa L.), and more efficient the use of idle fields by planting crops has been recommended. To solve these two issues concurrently, the cultivation of forage rice in idle fields has accelerated during the last decade. In 2009, approximately 10,000 ha of forage rice was in cultivation. Over a dozen forage rice cultivars with high dry matter yield have been released and are grown commercially (Kato 2008 , Sakai et al. 2003 , 2008 .
The whole plant of forage rice, including panicles, leaves and stems, is harvested at the yellow ripening stage, conditioned into whole-crop silage (WCS) and fed to cattle. At present, this system has several problems; lodged rice is difficult to harvest, and contamination of soil used for WCS by lodging causes its deterioration. The sugar content of the crop is an important factor for the fermentation quality of silage (Nonaka 2006 , Smith 1973 . The sugar content in rice plants is lower than that of maize and it is insufficient for satisfactory fermentation (Cai et al. 2002 , Horiguchi et al. 1992 , Yamada and Murata 2010 . This factor is considered a cause of silage deterioration. A portion of the grains are not digested and are excreted in feces when cattle are supplied rice WCS, and the loss of nutrients should not be disregarded (Matsuyama et al. 2005 , Shinde et al. 2008a . Shinde et al. (2008b) demonstrated that the compression of grains improves the milk yield of cattle supplied with rice WCS. It indicates that restriction of sink size, or rather the lower grain/ straw ratio causes the accumulation of assimilate in straw and substantial improvement of in nutritional value. The accumulated assimilate is considered to improve the fermentation value. Moreover, the low grain/straw ratio should improve lodging resistance. Thus, our objective was to breed a Communicated by H. Kato Received August 10, 2010 . Accepted December 29, 2010 rice cultivar with high lodging resistance, high sugar content and low grain yield to minimize the loss of grain nutrients by excretion.
Breeding process
The genealogy of Tachisuzuka is shown in Fig. 1 . We selected a mutant line producing short panicles as a parental line for the purpose of breeding a cultivar with low grain yield. The pollen parent, 'Gokutansui (00kosen11)', was a shortpanicled mutant line selected from the F 4 population from a cross between 'Aoinokaze' (Ito et al. 1989) and 'Chugoku 156'. The short panicle of Gokutansui (00kosen11) was caused by a spontaneous mutation and the phenotype was similar to that of the short panicle 1 (sp1) mutant (Li et al. 2009) . From the progeny test of a cross between Gokutansui (00kosen11) and a cultivar bearing normal panicles, this short panicle mutation was indicated to be controlled by a single recessive gene (data not shown). An outline of the breeding procedure is shown in Table 1 . To introduce this short panicle mutation into rice breeding lines for WCS use, the cross between 'Chugoku 147' (Kusanohoshi) and Gokutansui (00kosen11) was conducted at the National Agricultural Research Center for the Western Region (WeNARC) in 2001. Kusanohoshi is a major cultivar for WCS in the warm region in Japan and it produces high grain and straw yields (Sakai et al. 2003) . In the winter of 2001/2002, the F 1 progeny were cultivated in a greenhouse. The bulked F 2 progeny were cultivated at WeNARC in 2002. After advancing through the F 3 -F 4 generations at the Japan International Research Center for Agricultural Science Tropical Agriculture Research Front, individual selection was carried out in the F 5 population in 2005. Forty-five selected plants showed similar panicle morphology to that of Gokutansui (00kosen11). The selection of progeny from the selected F 5 plants was carried out according to the pedigree method. In 2008, one of the promising breeding lines was designated 'Chugoku-shi 198' and its local suitability was evaluated. In 2010, Chugoku-shi 198 was recognized for its outstanding quality for WCS, and application to MAFF for official registration was made under the name 'Tachisuzuka'. Table 2 shows the agronomic characters of Tachisuzuka compared with those of 'Kusanohoshi' and 'Leaf Star' (Kato et al. 2010) , major cultivars for WCS adaptable to warm region in Japan. The grain yield of Leaf Star is lower than that of Kusanohoshi, and its lodging resistance is superior to Kusanohoshi. The culm length of Tachisuzuka was 11 cm longer than that of Kusanohoshi. The panicle length of Tachisuzuka was 16.5 cm, which was 5 cm shorter than that of Kusanohoshi. However, the panicle length was even more reduced because several rachis branches close to the neck node were degenerate (Fig. 2) . The panicle number per unit area was higher than that of Kusanohoshi and Leaf Star. Tachisuzuka is characterized by an erect flag leaf, short awns on the panicle tip, light gold lemma, and non-glutinous endosperm (Figs. 3, 4) .
Agronomic characteristics
Tachisuzuka exhibited high lodging resistance in the yellow ripening stage, which is the optimal period for harvesting, and one month after yellow ripening (Table 2) . Lodging resistance for a long period after the yellow ripening stage is important when the harvest is delayed by rainfall or by mechanical problems. We investigated the breaking strength of culms and pushing resistance, which are characters related to lodging resistance. Culms of Tachisuzuka were thicker than those of Kusanohoshi, and thinner than those of Leaf Star (Table 3 ). The breaking strength of Tachisuzuka culms was higher than that of Kusanohoshi and lower than that of Leaf Star (Table 3) . Table 4 shows the results of a pushing resistance test by shallow planting, which is the method for evaluation of lodging resistance after direct seeding (Terashima et al. 1992) . Although no clear difference in pushing resistance was obtained, a significant difference in the vertical center of gravity was observed. The low vertical center of gravity of Tachisuzuka and its long culm length is likely caused by the fewer grains in the panicles. As a result, the lodging index of Tachisuzuka was lower than those of Kusanohoshi and Leaf Star. The height of the vertical center of gravity is related to lodging resistance after transplanting or direct seeding. The pushing resistance test results are consistent with field observations presented in Table 2 . Disease resistance and tolerance to damage are summarized in Table 5 . Genes for resistance to blast disease are unidentified as yet in Tachisuzuka. Nevertheless, several blast isolates are compatible to Tachisuzuka, and its field resistance was classified as 'susceptible' based on the results from inoculation of these compatible isolates. Tachisuzuka showed high resistance to bacterial leaf blight, a response comparable to that of Kusanohoshi. It is not clear if the resistance was due to the presence of a true resistance gene. Tachisuzuka is also susceptible to rice stripe virus. The shattering habit of Tachisuzuka was classified as 'resistant', and viviparity was classified as 'resistant'.
The whole-crop yields of Tachisuzuka and Kusanohoshi showed little difference, whereas the straw yield of Tachisuzuka was remarkably higher, and its grain yield lower, than those of Kusanohoshi (Table 6 ). The grain/straw ratio of Tachisuzuka was 0.14, which is lower than those of Kusanohoshi and Leaf Star.
The growth and yield of Tachisuzuka plants cultivated in flooded paddy fields with direct surface seeding was comparable to those grown following transplanting (Tables 2, 6 ). Furthermore, no conspicuous problems were observed with seedling establishment and lodging after direct seeding. Therefore, Tachisuzuka is considered suitable for direct seeding.
Feed value
The results of chemical analysis of the whole crop are shown in Fig. 5 . Despite the remarkably high straw ratio, no clear differences in crude protein (CP), crude fat (ether extract; EE), crude ash (Ash), neutral detergent fiber (NDF) and non-fibrous carbohydrate (NFC) were observed among Tachisuzuka, Kusanohoshi and Leaf Star. Rice grains largely comprise starch, which is fractionated into NFC. Hence, these results indicate Tachisuzuka straw contains a high NFC content. Alternatively, it might indicate that photosynthesized carbohydrates are relocated from grains to straw in Tachisuzuka. The low grain/straw ratio of Tachisuzuka indicates that the loss of nutrients in cattle supplied with Tachisuzuka WCS should be lower than that of Kusanohoshi. Therefore, this character offers substantial improvement in nutritional value. Kouno et al. (2009) and Shirota et al. (2010) compared the digestibility and feeding value of WCSs of Tachisuzuka and Kusanohoshi using sheep and Holstein cattle. In both experiments, TDN contents of Tachisuzuka were higher than those of Kusanohoshi. Ookawa and Ishihara (1993) . Date of measurement was 35 days after heading. Diameter and breaking strength of 5th internodes of longest three culms in three hills were measured (total nine culms). **: Significantly different from Kusanohoshi at 1% probability level using the t-test. 25 days after heading) . 10 hills were used. Pushing resistance was determined by the method of Terashima et al. (1992) . The pushing force was measured at 15 cm height from the soil surface (0 to 45 degrees) for each hill using a digital force gauge. c Lodging index = Center of gravity height * Flesh weight/Pushing resistance per hill/100 **: Significantly different from Kusanohoshi at 1% probability level using the t-test.
Fermentation value
In silage fermentation of forage crops or grass, lactic acid bacteria convert sugars into lactic acid under anaerobic conditions (Oohara and Takano 1972) . The preservation accomplished successfully with lactic fermentation is due to the synthesis of lactic acid, which lowers the pH of the material, preventing deterioration by unfavorable microbes. The major constituents of the sugar content are sucrose, glucose, fructose and fructan, which are important for favorable fermentation (Smith 1973) . Hence, the contents of sugars are important in forage crops or grass used for WCS, e.g. Italian ryegrass (Fukazawa et al. 1999) . Over 2% sugar content in the fresh weight of plant material are necessary for favorable fermentation (Nonaka 2003) . Universally, corn and sorghum at the harvest stage contain sufficient sugar contents (Gourley and Lusk 1978, Muraki and Monma 2003) . The dry matter of rice is in the range of 30-35% at the yellow ripening stage, therefore it is desirable that the sugar content exceeds about 6% of the dry matter of rice for WCS.The contents of sucrose, glucose and fructose in the whole crop of Tachisuzuka were greatly higher than those of Kusanohoshi (Fig. 6) . Total amounts of these sugars of Tachisuzuka, Kusanohoshi and Leaf Star in yellow ripening stage are 11.5%, 1.7% and 5.3%, respectively, and were sufficient in Tachisuzuka for favorable fermentation. Yamada and Murata (2010) demonstrated a strong positive relationship between sugar contents and V2-Score, an index of fermentation quality of silage (Masaki 2001) , using 10 forage rice cultivars. The excellent V2-score of Tachisuzuka reflects its high sugar content.
Prospects for dissemination and utilization
Tachisuzuka is the first rice cultivar in which the feeding value was improved by a radical change in the grain/straw ratio using a shortened panicle mutation. It is also the first cultivar bred for WCS focusing on sugar content and fermentation value using the mutation. The cultivar is suitable for feed production of rice WCS of advanced quality. It is also the most resistant cultivar to lodging and is considered favorable for a cultivator or a harvest contractor. The grain loss at harvest and risk of contamination of the following crop were lower than for Kusanohoshi due to the lower grain Table 1 . Samples were harvested at the yellow ripening stage.
yield. Tachisuzuka is suitable for cultivation in the warm region of Japan for the reason of its late maturity. Commercial cultivation of Tachisuzuka for WCS has been initiated already in a number of prefectures in the warm region of Japan.
The following points should be noted for cultivation of Tachisuzuka. 1) The efficiency of seed production is low and it requires large area of more than three times that of a standard cultivar is required to obtain comparable seed yields. 2) Tachisuzuka is not suitable for cultivation in an area where rice stripe virus prevails due to its susceptibility to the disease. 3) A change in the dominant pathotype of blast may cause breakdown in its resistance to the disease (Bonman 1992 , Kiyosawa 1982 . To control the virulent pathotype on Tachisuzuka, chemical application may be required. 4) Chemical application is required at the outbreak of an insect pest.
